Abstract. We hypothesized that lysyl oxidase (LOX) contributes to the formation of fibrotic focus (FF) in association with inflammation and serves a significant role in breast carcinogenesis. In the present study, the association between the expression of LOX family members and FF with regards to with inflammation was analyzed, and the prognostic significance of LOX and FF in breast cancer was investigated. Immunohistochemical staining for LOX, LOX-like protein (LOXL) 1, LOXL2 and LOXL3 was performed in primary breast cancer tissues. The status of FF within the tumor was assessed, including size and grade. Levels of inflammatory markers, intratumoral and peritumoral lymphocyte infiltration were also evaluated. The clinicopathological characteristics were evaluated from the medical records of patients. In the present study, the expression of LOX family members was not associated with the presence of FF. FF was identified to be associated with intratumoral and peritumoral inflammation, tumor stage, larger tumor size, lymph node metastasis, high histologic grade, and p53 expression. LOX and LOXL3 were associated with intratumoral, and peritumoral inflammation. Furthermore, LOXL1 was associated with intratumoral inflammation and interleukin-4. In addition, LOX was associated with cluster of differentiation 8 + T cells. LOXL3 was associated with expression of ER and PR, and molecular subtype. In the survival analysis, overall survival time was statistically significantly longer in the FF-negative compared with that in the FF-positive group. In conclusion, it was demonstrated that FF and the expression of LOX family members were associated with inflammation in breast cancer. FF was associated with poor prognostic markers of breast cancer. Further studies are required to clarify the mechanisms underlying the association between the LOX family, FF and inflammation in breast cancer.
Introduction
Carcinogenesis is a complex process forming a cancer and is determined by cellular, genetic and epigenetic changes. In recent years, various factors have been investigated to reveal the mechanism of carcinogenesis and especially tumor microenvironment has been recognized as an important factor in carcinogenesis. One of the main components of tumor microenvironment is the extracellular matrix (ECM) remodeling (1, 2) . The ECM is defined as a complex structure build by interacting extracellular molecules including proteoglycans, polysaccharides, fibronectin, laminin and fibers such as collagen and elastin. The ECM provides structural and mechanical support to cells and tissues (1) . During carcinogenesis, the composition and the overall content of the ECM change and the ECM is progressively stiffened (3, 4) . ECM stiffness has been implicated to promote tumor progression (5) and is partially associated with lysyl oxidase (LOX)-mediated collagen cross-linking (2, 5) .
LOX is a copper-containing amine oxidase that catalyzes lysine-derived cross-links in collagen and elastin and stabilizes the ECM (6) . For many years, LOX has been demonstrated that it has diverse functions including the ability regulating gene transcription, cell growth control, cell motility and migration and cell adhesions (7) . LOX is encoded by the LOX gene located on chromosome 5 (5q23.3-31.2) and belongs to a copper dependent amine-oxidase family currently consisting of five members (LOX, LOX-like protein (LOXL) 1, LOXL2, LOXL3 and LOXL4) (6, (8) (9) (10) (11) . Recent studies have shown that LOX family is related to tumor fibrosis, invasion and metastasis (10) (11) (12) (13) .
ECM stiffness is caused by collagen deposition and linearization and bundling of interstitial collagen (4) and LOX has a crucial role in stiffness-associated tumor progression (5, 10, 14) . ECM remodeling including stiffness contributes to fibrotic changes in tumor (15) , which is defined as fibrotic focus (FF). Since Hasebe et al (16) have proposed FF as an indicator of tumor aggressiveness in invasive breast cancer, many studies have shown the relationship between FF and the prognosis of breast cancer (17) .
Association between lysyl oxidase and fibrotic focus in relation with inflammation in breast cancer
Inflammation has been also recognized as an important component of tumorigenesis, and it usually precedes fibrosis (18) . Recently, it has been described that inflammation plays an important role in fibrosis as an inducer of epithelial-mesenchymal transition (EMT) in cancer (19) . Also, it has been suggested that invasion and aggression of breast cancer correlates with ECM stiffening and immune cell infiltration (4) .
Nevertheless, the mechanisms of LOX-mediated tumor progression in association with fibrosis and inflammation are not fully understood. In this study, we analyzed the association between the expression of the members of the LOX family and FF in relation with inflammation, and investigated the prognostic significance of the members of the LOX family and FF in human breast cancer.
Materials and methods

Patients and materials.
Patients with primary breast cancer who underwent surgery between January 2003 and December 2010 at the Daegu Catholic University Hospital (Daegu, Korea) were enrolled. Formalin-fixed and paraffin-embedded specimens from the patients were stained with hematoxylin and eosin (H&E) and histologically examined and reviewed by an experienced pathologist. The clinicopathologic characteristics were evaluated based on the pathologic reports and the medical records. Disease stage was assessed according to the seventh edition of the American Joint Committee on Cancer (AJCC) staging manual for breast cancer. Molecular subtype of the breast cancer was classified according to the immunohistochemical findings for estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and Ki-67 labeling index. The informed written consent was obtained from all patients for the use of their data. The ethics review of the study was waived from the Institutional Review Board at the Daegu Catholic University Hospital according to the deliberation criteria.
Tissue microarray and immunohistochemistry. Representative paraffin blocks of invasive breast carcinomas were selected to prepare for tissue microarray (TMA) and TMA was constructed following the methods described in our previous study (20) . TMA blocks were cut into 5 µm-thick sections and immunohistochemical staining was performed on the TMA sections using the Bond Polymer Intense Detection System (Leica Microsystems, Victoria, Australia) according to the manufacturer's instruction with minor modifications.
Immunohistochemical staining for the members of the LOX family were conducted using commercially available primary antibodies, LOX (1:200, ab31238; Abcam, Cambridge, MA, USA), LOXL1 (1:100, NBP1-82827; Novus Biologicals, Littleton, CO, USA), LOXL2 (1:100, NBP1-32954; Novus Biologicals) and LOXL3 (1:100, NBP1-85908; Novus Biologicals). The TMA sections were also immunostained for CD4 (RTU, clone 4B12; Leica Biosystems, Wetzlar, Germany), CD8 Zymed, Carlsbad, CA, USA) and epidermal growth factor receptor (EGFR) (1:100, clone EGFR.25; Novocastra). The levels of LOX, LOXL1, LOXL2 and LOXL3 assessed semiquantitatively as: 0 (no staining); 1+ (minimal intensity, <10% of cells); 2+ (moderate, 10-49%); and 3+ (marked, ≥50%). The expression level 0 and 1 were designated as negative and 2 and 3 as positive. Fig. 1 shows representative microphotographs of immunohistochemical expression of LOX, LOXL1, LOXL2 and LOXL3. The number of cluster of differentiation (CD)4 + T cells, CD8 + T cells and CD68 + macrophages was evaluated under a microscopic and counted both in the stroma and the cancer cell nest. Intratumoral (within the tumor boundary) and peritumoral (at the edge of tumor boundary) lymphocyte infiltration was also assessed semiquantitatively as follows: 0 (no or scant lymphocytes); 1 (a few scattered lymphocytic infiltration); 2 (scattered lymphocytic aggregation); and 3 (diffuse and dense aggregation of lymphocytes), where 1, 2 and 3 are designated as positive and 0 is as negative.
FF was diagnosed when there was a scar-like area or radially expanding fibrous bands consist of the fibroblasts and collagen fibers within the tumor, and surrounded by a highly cellular zone of infiltrating carcinoma cells (17) . Fig. 2 shows representative example of FF in H&E stained breast cancer specimen. The status of FF within the tumor was assessed including size and grade and a minimal dimension of 1 mm of a fibrosclerotic core was referred to as FF.
RT-PCR.
The levels of cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-2, IL-4, IL-6, transforming growth factor (TGF)-β, interferon (IFN)-γ and nuclear factor (NF)-κB p50 were assessed by the levels of RNA transcripts in frozen tissue using RT-PCR. Total RNA was isolated from frozen breast cancer tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Reverse transcription of total RNA was performed using a commercial kit (Superscript II RNase H-reverse transcriptase; Invitrogen; Thermo Fisher Scientific, Inc.). PCR amplification was performed with specific primers and the sequences of primers are presented in Table I . PCR products were analyzed by agarose gel electrophoresis and visualized by ethidium bromide staining.
Statistical analysis. Statistical analyses were performed using SPSS software version 19.0 (SPSS, Inc., Chicago, IL, USA). Association between FF and LOX, LOXL1, LOXL2 and LOXL3 was analyzed using the Chi-square test. Association of FF with number of inflammatory cells was assessed using two sample t-test. Association of FF with the clini copathologic characteristics was analyzed using two sample t-test and the Chi-square test. Binary logistic regression analysis was performed to assess the odds ratios (ORs) of the statistically significant factors in univariate analysis. Association of the members of the LOX family with number of inflammatory cells was assessed using two sample t-test. Association between the members of the LOX family with the clinicopathologic characteristics was analyzed using two sample t-test and the Chi-square test. Survival data were analyzed using Kaplan-Meier survival analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Clinicopathologic characteristics of the patients.
A total of 291 patients with invasive breast cancer were included in this study. The mean age of the patients was 52.63±11.01 years (range, 24-90 years). Clinicopathologic characteristics of the patients are shown in Table II . Among the patients, the most common histologic type of invasive cancer was invasive ductal carcinoma not otherwise specified (89.7%), and the remaining were infiltrating lobular carcinoma (n=7), papillary carcinoma (n=4), micropapillary carcinoma (n=2), mucinous carcinoma (n=4), tubular carcinoma (n=4), metaplastic carcinoma (n=3), medullary carcinoma (n=2), sarcoma (n=1), inflammatory carcinoma (n=1) and mixed type (n=2).
Association between FF and LOX families. The percentage of positive FF was 37.5% and positive rate of LOX expression was 49.1% in primary breast cancer tissues. The expression of LOX, LOXL1, LOXL2 and LOXL3 was not associated with presence of FF (Table III) . (Table IV) . Multivariate analysis using covariate with P<0.2 in univariate analysis was performed to assess the independent association of FF with clinicopathologic features. We found a significant association between FF and tumor size, histologic grade, lymph node metastasis and p53 (Table V) .
Association of LOX families with clinicopathologic features.
By univariate analysis, LOX was statistically significantly associated with intratumoral and peritumoral inflammation (P<0.001 and P<0.001, respectively) (Table VI) . LOXL1 was 
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Association of FF and LOX families with inflammatory markers. Immunohistochemical staining for CD4 + T cells, CD8
+ T cells and CD68 + macrophages were performed in 77 patients who had undergone surgery from January 2008 to December 2010. The levels of RNA transcripts for TNF-α, IL-4 and NF-κB p50 were analyzed in frozen tumor tissues although the expression levels of RNA transcripts for IL-1, IL-2, IL-6, TGF-β and IFN-γ were too low to be analyzed. In subgroup analysis, LOX and CD8 + T cell showed significant correlation (P= 0.030) and LOXL1 and IL-4 showed significant association (P=0.019) ( Table VII) .
Association of FF and LOX family with patient outcomes.
The median follow-up period was 72 months (range 1-147 months). Among 291 patients, 35 patients (12.0%) showed tumor recurrence and 26 patients died from breast cancer. The 5-year survival rate was 90.0%. Overall survival (OS) was statistically significantly longer in negative FF group than in positive FF group (P= 0.026) (Fig. 3A) . Disease free survival (DFS) was longer in negative FF group although there was no statistical significance (P=0.054) (Fig. 3B) . There was no significant association between LOX family and patients outcomes.
Discussion
Tumor fibrosis and inflammation have been increasingly recognized as important factors which influence tumor progression and metastasis. Recent studies have demonstrated that LOX is involved in creating fibrotic microenvironment and fibrosis-enhanced cancer metastasis (5, 21, 22) . Nevertheless, the relationship between LOX, FF, inflammation and tumor progression in human breast cancer have yet to be fully elucidated. FF is distinguished from organ fibrosis by the characteristics such as irregular or storiform patterned arrangement of fibroblast and collagen fibers, which shows radially expanding fibrous bands surrounded by a highly cellular zone of infiltrating carcinoma cells, and the location in the center of the tumor (17) . In this study, we aimed to investigate whether LOX contribute to the formation of FF, especially in association with inflammation. There was no direct correlation between the members of the LOX family and FF in this study. However, FF, LOX, LOXL1 and LOXL2 showed significant correlation with intratumoral inflammation and FF, LOX and LOXL2 also related to peritumoral inflammation. These results suggest that the members of the LOX family and FF interact in relation with inflammation in breast cancer. Although the mechanisms by which LOX mediates FF formation in tumor are not clarified, functions of the LOX family in association with fibrosis in the cardiovascular system are relatively clear (23) . LOX has been shown to be up-regulated by cytokines including TGF-β, TNF-α and IL-6 (23). Also, it has been implicated that LOX-mediated collagen cross-linking is critical in ECM stiffness (2,5). Acerbi et al (4) have shown that both ECM stiffness and cellular TGF-β signaling correlated positively with immune cell infiltration in human breast cancer. Leight et al. have demonstrated that increased matrix stiffness regulates TGF-β signaling, a potent inducer of EMT in tumor cells (24) . In recent years, it has been suggested that EMT contributes to increase the collagen producing fibroblasts (21) and fibroblasts form FF in fibrotic tissues (17) . Taken together these results also support our hypothesis. As far as I know, this is the first study to investigate the relationship between the members of the LOX family and FF.
It is well documented that organ fibrosis is associated with chronic inflammatory diseases (18, 19) . A number of studies have suggested the role of inflammatory cells such as macrophage Fibrotic focus
Negative Positive P-value Negative Positive P-value Negative Positive P-value Negative Positive P-value Negative Positive P-value TNF-α, n (%) and T-lymphocytes in fibrotic tissue (18, 25, 26) . Also, various inflammatory mediators including TGF-β, TNF-α, IL-4 and NF-κB have been demonstrated to regulate the inflammatory responses as well as the fibrotic signaling cascade (18, 19) . TNF-α is crucial for the induction of NF-κB (27) , the major factor in the inflammatory response and activated NF-κB is known to contribute to organ fibrosis and cancer development (19, 28, 29) . Furthermore, hypoxia in fibrosis and tumor microenvironment cooperates with inflammatory response in the induction of EMT process (19, 30, 31) . Interestingly, hypoxia induces LOX expression in tumor cells (32) and contributes to promote fibrogenesis and tumor progression through the reinforcement of the EMT process (19, 33) . In this study, we analyzed the association between FF, the members of the LOX family and inflammatory response. Although the results did not show any association between FF and inflammatory markers, there was significant correlation between LOX and CD8 + T cell. CD8 + T cells are important for the adaptive immune responses and have antitumor effects through various mechanisms. One of the mechanisms, CD8 + T cells secret cytokines such as TNF-α and IFN-γ, and LOX is known to be up-regulated by cytokines including TNF-α (23) . In this regards, CD8 + T cells may affect the expression of LOX. Also, our results showed significant association between LOXL1 and IL-4. IL-4 is a T-lymphocyte-associated cytokine that is involved in humoral and adaptive immunity (34) . IL-4 has many biological effects and affects various cell types (34) . Interestingly, IL-4 stimulates fibroblasts proliferation34 and LOXL1 is secreted by fibrogenic cells including fibroblasts (9) . Although the mechanism of regulation of LOXL1 has not been fully elucidated, our results suggest that IL-4 may affect the expression of LOXL1.
In previous studies, FF has been reported to be associated with poor prognosis in breast cancer (17) . Hasebe et al (35) have demonstrated that the presence of a FF was associated with larger tumor size, high histologic grade, lymph and blood vessel invasion, presence of lymph node metastases, pTNM stage and a shorter DFS and OS in survival analysis. In consistent with the results of previous studies, our results showed that the presence of a FF is associated with more aggressive characteristics of breast cancer. FF was statistically significantly associated with tumor stage, larger tumor size, lymph node metastasis, high histologic grade and p53. Also, OS and DFS were statistically significantly longer in negative FF group than in positive FF group in this study.
In recent years, diverse functions of LOX have been revealed, and LOX has emerged as therapeutic target in cancer therapy. Many pre-clinical studies have described that LOX promotes tumor progression and metastasis (5, 13, 36, 37) . In clinical studies, most of studies have also shown that LOX and LOXL expression correlated with a poor prognosis in cancer (13, 14, (38) (39) (40) , although study methods were somewhat different from each other. In our study, however, LOX as well as LOXL1 and LOXL2 did not show clinical relevance except LOXL3. Nevertheless, our study describes for the first time that LOXL3 was significantly associated with positive expression of ER and PR and molecular subtype in breast cancer.
Limitations of the present study include the use of the paraffin-embedded tumor tissues in detecting FF and the members of the LOX family, but the fresh frozen tissue in analyzing inflammatory mediators. Tissue processing can cause genetic alterations and molecular changes in tissues (41) , and the levels of mRNA transcripts or protein in the paraffin-embedded tissues can be different from those in fresh frozen tissue. Also, we employed immunohistochemical staining to assess the levels of the members of the LOX family, but this method is semiquantitative and less accurate than other objective methods such as quantitative fluorescence analysis or real-time quantitative PCR. Furthermore, we did not include control group such as normal or benign breast tissue. A comparative study between tumor tissue and control group may be necessary to clarify the role of LOX and FF in breast cancer.
In conclusion, our study showed that FF and LOX family are associated with inflammation in breast cancer, although there is no direct correlation between FF and the members of the LOX family. In consistent with the previous studies, our results showed that FF is associated with poor prognosis. And for the first time, we found that LOXL3 was significantly associated with positive expression of ER and PR and molecular subtype in breast cancer. Further studies are required to clarify the mechanisms relating to the LOX family, FF and inflammation in breast cancer.
